Under a joint technology planning annex (TPA) agreement, fuel cell groups at the U.S. A rmy Research Laboratory (ARL) and the U.S. Army Communications-Electronics Command (CECOM) worked together to develop Army power sources for soldier applications. Two 50-W bipolar fuel cell stacks designed by CECOM were extensively evaluated. The performance of the stacks depended significantly on the environmental temperature. Decreasing environmental temperature granted better heat dissipation in the stacks, resulting in improved stack performance. Long-term . performance of 62 W was obtained at low temperature (-5 "C). Higher environmental temperatures caused an increase in stack surface temperature. When the stack surface temperature reached 43 "C, the stack voltage dropped to zero within a short time. The maximum power density for long-term operation was 97.3 W/kg, or 167 W/L. The average hydrogen utilization.efficiency was 95 percent. The water production efficiency was dependent on the discharge currents, varying from 40 percent (at 1.0 A) to 90 percent (at 2.5 A).
. . .
Introduction
A fuel cell is an electrochemical device that directly converts the chemical energy of the reactants, a fuel and an oxidant, into electrical power [1, 2] . A fuel cell will continue to operate as long as the externally stored reactants are supplied. Fuel cells are more efficient than combustion technology, partly because they avoid the Carnot cycle limitation. Since a fuel cell generates electricity without combustion, it does not produce the air pollutants that are byproducts of the combustion process. Similar to an internal combustion engine, and unlike a battery, a fuel cell does not require recharging-it will provide power indefinitely, as long as fuel is supplied.
The basic HZ/air polymer electrolyte membrane fuel cell (PEMFC) consists of (a) an anode (carbon-supported platinum black), (b) an electrolyte (Nafion), and (c) a cathode (carbon-supported platinum black). Nafion is a cation-exchange polymer membrane that has a perfluorinated polymer backbone with sulfonic acid substituents that are periodically attached. Nafion exhibits exceptionally high electrochemical, therrnal, and chemical stability in fuel cell environmental conditions. In order to achieve high voltage and high power, a huge number of single cells are assembled together to act as a power source in practical applications. Such an assembly is called a fuel cell stack.
For an HZ/O, fuel cell, hydrogen would become oxidized at the anode via the half reaction
whereas oxygen would become reduced at a cathode via the reaction 0, + 4H+ + 4e---> 2 H20
The overall reaction is
The net resuit is the generation of electricity, heat, and water, as shown in equation (3).
PEMFCs are the most desirable portable power supply device, primarily because they are lightweight and have a high power density. A PEMFC power source is being developed for a wide variety of applications that now use batteries, from laptop computers to electric vehicles [3-81. A PEMFC system can be used with a replaceable fuel cartridge (e.g., tanked/metal or chemical hydrides) for practical operations without any environmental concern. Small fuel cell systems, if successfully developed, can replace batteries by directly providing power.
Future man-portable power sources systems will need high power density and a long operating life, and they will have to be small and lightweight. Using a lightweight PEMFC stack as a portable power source can reduce the physical burden on the carrier. Several key areas need to be addressed to successfully produce the desired high-performance, lightweight, ambient-temperature and -pressure fuel-cell system [9-141: (1) thermals and heat transfer management, (2) water management, (3) environmental factors, (4) hydrogen storage conditions, (5) determination of the best optimum stoichiometry of fuel and oxidant, and (6) In this experiment, high-purity hydrogen (99.99%) was used as the fuel and compressed air as an oxygen source. The environmental temperature was controlled by a Tenney environmental chamber (model BTRC), which was programmed through a computer with Linktenn II software. An Arbin battery tester (BT-2043) was used to administer constant current discharge tests. A Hewlett-Packard electronic load (model 6050A) and multimeter were used to measure current and voltage when the stack voltage was greater than 35 V. A Matheson digital flowmeter (LFE 1000H) was used to measure hydrogen flow, and a hydrogen purger was set to purge for 10 s every 5 min during all measurements. The inlet hydrogen and air pressures were adjusted to 3 and 5 psi, respectively. An ac electric fan (-10 W) was pointed toward the stack during testing to dissipate excess heat. A thermocouple was attached to the top surface of the stack to measure stack surface temperature. 
Experiment
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Stack Performance Figure 2 shows the polarization curves for the fuel cell stack at 10 "C, fed with dry H, and dry air at different discharge currents. The open circuit voltage was about 42 V. Initially, the stack power output increased at low currents and plateaued at currents higher than 2 A; then it decreased at currents higher than 2.5 A. This behavior is probably caused by incomplete hydration of the electrolyte membrane. The maximum power output is approximately 50 W. As operating time and current increased, the membrane became more hydrated and stack performance improved significantly. Maximum power output was obtained at currents of 3.0 A (-67 W), and plateaus at currents higher than 3 A. Figure 3 shows the stack performance at 10 and 20 "C environmental temperatures, under different discharge currents. Performance at 10 "C is slightly better than that at 20 "C. 
Optimizing Fuel Cell Stack Performance
Based on the stack performance results given in figures 2 and 3, various constant discharge currents at different environmental temperatures (from -5 to 30 "C) were performed for longer (2-hr) evaluation periods.
Effect of temperature during constant discharge current.- Figure  4 shows the 1 stack performance under constant discharge current (I = 1.0 A) at different temperatures. At lower temperature (10 "C), the stack has a lower initial voltage; however, the long-term performance of the stack at 10 and 20 "C is almost identical. Approximately 32 W output was obtained at 1.0 A constant current discharge. At 30 "C, the stack has good performance during the first -20 min, after which the voltage rapidly drops to zero within 40 min. In order to understand the reason for the poor performance at 30 "C, we monitored the stack surface temperature during operation. Figure 5 shows the stack surface temperatures at different currents and environmental temperatures; the stack surface temperatures increase significantly with increasing discharge current and environmental temperature. At 1.0 A and 30 "C environmental temperatures, the stack surface temperature is as high as 43 "C. Undoubtedly, the temperature inside the stack would be much higher than 43 "C, causing the electrolyte membrane to dehydrate, which would result in a large stack voltage drop. Compared with the results at 30 "C, the performance of the stack was much improved. At 1 .O and 1.5 A discharge currents, the stack voltage was stable for the entire test period. However, when the discharge current was increased to 2.0 A, the voltage dropped again. From the data shown in figure 5 , we know that the stack surface temperature had increased to 4-4 "C at 2.0 A. At this temperature, the membrane electrolyte was .
Time (min)
However, stack performance dropped at 2.5 A discharge current. The data from figure 8(a) are also plotted for power versus time in figure 8(b) . Approximately 55 W constant performance was obtained at a current of 2.0 A. However, when the discharge current was increased to 2.5 A, the stack power dropped off within 45 min. Based on the results shown in figures 6 to 8, we expected the stack performance to improve at lower temperatures. Figure 9 (a) shows the voltage versus time plots for constant current discharge at -5 "C. Stack performance was very stable up to a current of 2.5 A, but failed at a discharge current of 3 A. constant output was obtained at 2.5 A during the entire 120-min experiment. When discharge current was increased to 3.0 A, the stack power dropped to zero within 20 mm. Many problems (for example, with heat dissipation, water management, and supplies of oxygen and hydrogen) may occur as a consequence of high discharge current (3 A). Figure 10 shows that the effect of discharge current on hydrogen flow rates is linear. It also shows the efficiency of hydrogen utilization: the hydrogen utilization efficiency was approximately 95 percent for discharge currents of 1.0 A and above.
Hydrogen Utilization Efficiency
Water Production Efficiency
Figure 11(a) shows the effect of environmental temperature on water production efficiency, which increased only slightly from -5 to 20 "C. 
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This stack leaked during evaluation, so only limited data were obtained. Figure 12 shows a polarization curve for the fuel cell stack at 25 "C. The open circuit voltage was approximately 42 V. Because of poor heat dissipation, which caused the electrolyte membrane to dehydrate, the voltage-current curve decreased significantly at currents greater than 1.0 A. The maximum power output was approximately 39 W. 
Stack Peflormance
Constant Current Discharge
Conclusions
